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Introduction
Adipose tissue regulates the body's energy balance by functioning as the main energy reserve during caloric excess and facilitating fat mobilization during food deprivation. In recent years, adipocytes have also been identified as a major endocrine organ involved in immunological responses, vascular diseases, and appetite regulation [1] . In farm animals, fat content and categories are closely correlated with meat quality. The maintenance of the functions of adipose tissue depends on adipocytes, the main cellular component of white adipose tissue. Currently, the studies on adipocytes are mainly focused on human and mouse adipocytes, while little research has been conducted on bovine adipocytes. Adipocytes are derived from pluripotent stem cells, which differentiate first into lipoblasts, then into preadipocytes and eventually into mature adipocytes [2, 3] . The differentiation of preadipocytes toward mature adipocytes is regulated by a variety of differentiation-related transcription factors and is accompanied by the temporal expression of a series of adipogenic genes and synthase genes related in lipid metabolism [1] . Peroxisome proliferator-activated receptor γ (PPARγ), sterol-regulatory element binding proteins (SREBPs) and preadipocyte factor 1 (Pref-1) are now recognized as the adipocyte differentiation marker genes. PPARγ and SREBP expression levels increase gradually during adipocytes differentiation, whereas Pref-1 expression level gradually decreases [4, 5] . In addition, the process of adipocyte differentiation is regulated by multiple signaling pathways and microRNAs (miRNAs).
MiRNAs are a class of endogenous single-stranded non-coding RNA molecules that are approximately 20 nucleotides (nt) in length [6] . Studies have shown that miRNAs regulate the transcription or translation of the target gene mRNAs [7] , thus participating in the regulation of adipocyte differentiation and adipogenesis [8] [9] [10] . Kajimoto et al. monitored the expression levels of 80 miRNAs during 3T3-L1 cell line differentiation and found that the expression levels of 21 miRNAs exhibit dynamic changes [9] . MiR-143 exhibits a significant promoting effect on adipocyte differentiation [11] . The miR-27 gene family specifically inhibits adipocyte formation through suppressing PPARγ and CCAAT-enhancer-binding protein α (C/EBPα) [8, 12] . In addition, let-7 and miR-130 exert a negative regulatory effect on adipocyte differentiation [13] , whereas miR-103 promotes adipocyte differentiation and regulates insulin secretion [14] . A previous study has shown that miR-378 exerts a promoting effect on the differentiation of the 3T3-L1 cell line [15] . However, the mechanism by which miR-378 regulates primary preadipocyte differentiation remains unclear.
To understand the regulatory effect of miR-378 on the differentiation of bovine preadipocytes, we analyzed the expression pattern of miR-378 in the process of bovine preadipocyte differentiation. To further investigate the regulatory role of miR-378, preadipocytes were transfected with miR-378 mimics and cultured under differentiationinducing conditions. Moreover, the target genes of miR-378 were identified using bioinformatics and an in vitro luciferase reporter assay. The changes in the morphology of preadipocytes and various physiological indices were examined. The results of the present study would provide a basis for further investigation of miRNA-mediated physiological regulation of adipose tissue in bovine.
Materials and Methods
Isolation, in vitro culture and differentiation induction of primary bovine preadipocytes
Healthy calves (1 day of age) were selected for this study. Experiments were performed in accordance with the Guiding principles in the use of animals, adopted by the Chinese Association for Laboratory The mesentery was washed several times with phosphate buffered saline (PBS) containing 6% penicillin/ streptomycin (PPA Laboratories) and then transported to the cell culture room. The mesenteric adipose tissue was separated from the connective tissue. Blocks of adipose tissue were placed into centrifuge tubes and cut into pieces. After addition of 5 ml 0.2% collagenase I (Sigma, USA), the centrifuge tubes were sealed and placed into a 37°C water bath for 1.5 h to allow sufficient digestion of the adipose tissue. The cell suspension obtained after collagenase digestion was filtered through 80-mesh and 200-mesh cell sieves. The resulting filtrate was centrifuged at 1500 r/min for 10 min, and the supernatant was discarded. Bovine preadipocytes in the pellets were cultured in DMEM/F12 complete medium (Gibco, USA) containing 10% fetal bovine serum (Gibco, USA) and 1% penicillin/streptomycin under standard conditions of 37°C and 5% CO 2 . After the cells were grown to 100% confluence, the cultured medium was replaced with induction medium consisting of DMEM/F12, 10 μg/ml insulin (Sigma, USA), 33 μM calcium pantothenate (Sigma, USA), 17 μM bovine transferrin (Sigma, USA), 10% fetal bovine serum and 1% penicillin/streptomycin to induce differentiation (day 0). The medium was changed every three days.
Prediction of target genes and luciferase reporter assays
Using miRNA target gene prediction programs, such as TargetScan (http://www.targetscan.org/ mmu_50/) and RNA22 (http://cbcsrv.watson.ibm.com/rna22.html), the putative miR-378 binding sites at the 3'-untranslated region (UTR) of potential miR-378 target genes in bovine were analyzed, and candidate target genes were selected. Based on the seed region sequences of the candidate target genes provided by the National Center for Biotechnology Information (NCBI), primers targeting the gene segments containing the seed sequences were designed with Xho I and Not I restriction enzyme sites incorporated. In addition, mutagenic primers were designed to specifically mutate 3-5 bases in the seed region of the candidate target genes. The primer sequences are listed in Table 1 . After primer annealing, candidate target sequences containing wild-type and mutant seed regions were synthesized. The wild-type and mutant sequences were cloned into psiCHECK-2 to construct wild type and mutant reporter plasmids, respectively.
MiR-378 mimics (5 pmol) or negative control (NC; 5 pmol) miR (Shanghai GenePharma Co., Ltd., China) of cattle were cotransfected with 2 ng of the candidate target gene-containing wild type, mutant or empty psiCHECK-2 vector (negative control) into the NIH3T3 mouse embryonic fibroblast cell line. After 48 h of culture, Renilla luciferase and firefly luciferase activities were measured using a chemiluminescence reader. 
Transfection of bovine preadipocytes
Bovine preadipocytes were seeded into 12-well plates at a density of 1×10 6 cells/well in DMEM/F12 complete culture medium (1 ml of medium per well). Once the cells were grown to 50-70% confluence, the complete medium was removed and replaced with 800 μl of Opti-MEM medium (Gibco, USA). After 2 h, 2 μl of Lipofectamine TM 2000 (Invitrogen, USA) and 4 μl of miR-378 mimics (or 4 μl of NC) were each added separately to 100 μl of Opti-MEM medium and incubated at room temperature for 5 min. The LipofectamineOpti-MEM and miR-378/NC-Opti-MEM, were combined and incubated at room temperature for 20 min. The 200 μl miR-378/NC-Lipofectamine mixture was added into the culture plates. After 6 h of culture, medium containing miR-378/NC-Lipofectamine was replaced with DMEM/F12 complete medium. Subsequent experiments were then conducted. The sequences of the miR-378 mimics and NC are shown in Table 2 .
RNA extraction and quantitative real-time reverse transcription polymerase chain reaction (RT-qPCR)
Total cellular RNA was extracted using Trizol reagent (Invitrogen, USA) in accordance with the instruction manual provided by the manufacturer. Reverse transcription of miR-378 was conducted using the ReverTra AceR qPCR RT kit (TOYOBO, Japan). One µg of RNA was first denatured by heating at 65°C for 5 min. Subsequently, the reverse transcription reaction was performed after addition of the denatured RNA to the following reaction system: 2.0 µl of 5×RT buffer, 0.5 µl of miR-378 RT primer (10 µM), 0.5 µl of U6 RT primer (10 µM), 0.5 µl of RT enzyme mix, and RNase-free ddH 2 O up to 10.0 µl, with the following condition: reverse-transcription at 37°C for 15 min and enzyme inactivation at 98°C for 5 min. The reaction products were stored in a -80°C freezer.
RT-qPCR was performed using SYBR Premier Dimer Eraser TM (TaKaRa, Japan) and cDNA as the template according to the instruction manual provided by the manufacturer. The reaction system was as follows: 0.5 μl (10 pmol/L) of upstream primer, 0.5 μl (10 pmol/L) of downstream primer, 8.0 μl of ddH 2 O, 1 μl of template and 10 μl of SYBR R Premix Ex Taq II (2x), with the following conditions: 95°C for 30 s; and 40 cycles of 95°C for 5 s and 60 °C for 30 s. The U6 small nuclear RNA (snRNA) was used as an internal control for miR-378, and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an internal control for other genes. Experimental data were analyzed using a relative quantification method (2 [16, 17] .
Western blot analysis
The cells were rinsed with PBS, treated with 0.25% trypsin (Gibco, USA) for 2 min, harvested, and transferred to centrifuge tubes. Cellular proteins were extracted using the Total Protein Extraction Kit (Sangon biotech, China) and the protein concentration was measured. Then 50 ug of protein samples were mixed evenly with 5×sample loading buffer, denatured at 98°C for 15 min, separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) on a 12% gel and transferred to a membrane. The membrane was blocked for 2 h and then incubated with primary antibodies that were diluted with blocking buffer (E2F2 rabbit polyclonal IgG, Ras-related nuclear (RAN)-binding protein 10 (RANBP10) rabbit polyclonal IgG or β-actin mouse monoclonal IgG1; 1:1000 dilution) for 12 h at 4°C on a shaker. The membrane was then incubated with corresponding secondary antibodies (goat anti-rabbit IgG-HRP or goat anti-mouse IgG-HRP; 1:2000 dilution) at room temperature (RT) for 1 h. All the antibodies were purchased from Santa Cruz Biotechnology, Inc. (USA). The target protein bands were imaged using the Tanon-5200 automated chemiluminescence analyzer (Tanon Science and Technology Co., Ltd., China).
Statistical analysis
Experimental data were analyzed using the analysis of variance (ANOVA) module of the SPSS16.0 statistical software. The data are expressed as the means ± standard error (SE).
Results
Isolation, in vitro culture of primary bovine preadipocytes
After 24 h of culture, a portion of the isolated cells adhered to the culture surface and assumed a spindle-like shape or an irregular triangular shape. As the culture continued, the cells gradually became long, spindle-shaped and plump (Fig. 1A and 1B) . After induction, a large number of cells differentiated and gradually filled with lipid droplets (Fig. 1C and  1D ). In addition, the mRNA expression levels of the PPARγ, SREBP and Pref-1 marker genes were measured before and after adipocyte differentiation, and significant differences were detected. The mRNA expression levels of PPARγ and SREBP were elevated, but the mRNA expression level of Pref-1 was reduced (Fig. 1E) . These results indicated that the isolated bovine preadipocytes were satisfactory to be used in the subsequent experiments.
To study the expression pattern of miR-378 in the process of bovine preadipocyte differentiation, RT-qPCR was conducted to examine the expression levels of miR-378 at different stages of cell differentiation. The results showed that as the degree of adipocyte differentiation increased, the expression levels of miR-378 became gradually elevated. The miR-378 expression level increased significantly at 12 d after induction of differentiation and was approximately 2-fold higher than the level at 0 d (Fig. 1F) . Since the expression level of miR-378 significantly correlated with the differentiation process, we speculated that miR-378 might be involved in the regulation of bovine preadipocyte differentiation.
The effect of miR-378 on bovine preadipocyte differentiation
To investigate whether miR-378 plays a role in bovine preadipocyte differentiation, miR-378 was overexpressed in bovine preadipocytes. MiR-378 mimics and NC were transfected into bovine preadipocytes. The miR-378 expression level was significantly upregulated in the miR-378 mimics group compared with the NC group (p<0.01). These results indicated the successful overexpression of miR-378 in bovine preadipocytes ( Fig. 2A) .
Differentiation of bovine preadipocyte was induced in the cells transfected with miR-378 mimics and NC. The triglyceride contents and expression levels of the adipocyte differentiation marker genes (PPARγ, SREBP and Pref-1) in the differentiated adipocytes were examined. After 12d of differentiation, cells were stained with Oil Red O. The number
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and volume of lipid droplets were increased in the group of cells transfected with miR-378 mimics compared to the NC group ( Fig. 2B and 2C ). In addition, the triglyceride content was significantly higher in the miR-378 mimics group compared to the NC group (p<0.05) (Fig.  2D) . Moreover, the mRNA expression levels of PPARγ and SREBP were significantly elevated in the miR-378 mimics group compared to the NC group (p<0.05), whereas the expression level of Pref-1 mRNA was markedly decreased (p<0.05) (Fig. 2E ). These data suggested that miR-378 promoted the differentiation of bovine preadipocytes.
Prediction and validation of miR-378 target genes
MiRNAs exert their biological functions by regulating the transcription or translation of the target gene mRNAs [7] . To analyze the regulatory mechanism of miR-378, target genes of miR-378 were predicted by bioinformatics and validated by luciferase reporter assays. Based on prediction scores in different programs, several candidates were selected for validating. It was indicated in comparison with cells transfected with NC that the relative luciferase activity (Renilla/Firefly) in the presence of miR-378 mimics significantly decreased (p < 0.01) in the cells cotransfected with E2F2 or RANBP10 wild-type constructs (Fig. 3A and 3B) . Therefore, the two candidate target genes of miR-378, E2F2 and RANBP10, were selected for further analysis. As shown in the schematic diagram of the secondary structure formed between miR-378 and its target sequences, miR-378 could bind tightly to the 3'-UTR of E2F2 and RANBP10 in bovine (Fig. 3C) . To further validate miR-378 responsive element in E2F2 and RANBP10 mRNA, mutated constructs were prepared at the sequence complementary to miR-378 seed region (Fig. 3D) . Dual luciferase reporter assay demonstrated the relative luciferase Fig. 1 . The isolation, in vitro culture, differentiation induction, and changes in the mRNA expression of preadipocyte genes of bovine preadipocytes. A: Bovine preadipocytes adhered to the culture surface and assumed a spindle-like shape or an irregular triangular shape (100 ×). B: Before differentiation, the bovine preadipocytes gradually became long, spindle-shaped and plump (100 ×). C, D: Morphological changes and lipid droplet formation in bovine preadipocytes after inducing differentiation (oil red O staining, 100 ×, 400 ×). E: Changes in the mRNA expression levels of the PPARγ, SREBP and Pref-1 genes after inducing differentiation. The mRNA from uninduced preadipocytes were used the control and the GAPDH gene was used as an internal reference. F: Changes of the miR-378 expression levels during the adipocyte differentiation process. Uninduced preadipocytes were used as the control and U6 was used as an internal reference. Data are expressed as means±SE. All experiments were repeated three times. *p < 0.05, **p < 0.01.
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Cellular Physiology and Biochemistry activity in the miRNA response element (MRE) mutated group completely restored even in the presence of a miR-378 mimics when compared to the wild-type group (p<0.05; Fig. 3A and 3B). Taken together, the data suggested that miR-378 could target E2F2 and RANBP10 mRNA directly by binding the MRE within the 3'-UTR.
Targeted regulation of endogenous E2F2 and RANBP10 in bovine preadipocytes by miR-378
To further investigate the mechanism by which miR-378 targets and regulates E2F2 and RANBP10, the effect of miR-378 overexpression on the mRNA and protein expression levels of endogenous E2F2 and RANBP10 was examined. Bovine preadipocytes were transfected with miR-378 mimics and NC. The RT-qPCR results showed that miR-378 failed to significantly affect the mRNA expression levels of E2F2 and RANBP10 (Fig. 4A and 4B) . However, western blot analysis showed that the protein expression levels of E2F2 and RANBP10 were markedly reduced in the miR-378 mimics group in comparison to the NC group (Fig. 4C and 4D ). These results indicated that the regulatory effect of miR-378 on its target genes, E2F2 and RANBP10, was achieved through inhibiting mRNA translation. Fig. 2 . Overexpression of miR-378 affected bovine preadipocyte differentiation and regulated mRNA expression levels of PPARγ, SREBP and Pref-1 genes. A: Relative expression levels of miR-378 in the NC and miR-378 mimics groups. The miR-378 expression level was significantly upregulated in the miR-378 mimics group compared with the NC group. B: Lipid droplet formation in the NC group after differentiation induction (oil red O staining, 400 ×). The arrow indicates a differentiated adipocyte. C: Lipid droplet formation in the miR-378 mimics group after differentiation induction (oil red O staining, 400 ×). The arrow indicates a differentiated adipocyte. There were significantly more and bigger lipid droplets in the miR-378 mimics group (C) than in the NC group (B). D: Triglyceride content measurement. E: The effects of miR-378 overexpression on the mRNA expression levels of PPARγ, SREBP and Pref-1 genes. Compared with the NC group, the miR-378 mimics group exhibited significantly increased mRNA expression levels of PPARγ, SREBP , and decreased mRNA expression levels of Pref-1. The experiments were repeated three times. Data are expressed as the means±SE ,*p< 0.05 , **p < 0.01.
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Discussion
MiRNAs are widely expressed in mammalian tissues and organs involved in the regulation of many important biological processes. Studies have shown that miR-378 is closely associated with cell growth, cell differentiation, tumor cell survival and angiogenesis [18] [19] [20] . MiR-378 regulates tumor cell proliferation through targeting sulfatase 1 (SULF1), sex determining region Y (SRY)-box 7 (SOX7) and insulin-like growth factor 1 (IGF1) [20] [21] [22] . In addition, miR-378 can also regulate cell differentiation. Gagan et al. found that miR-378 indirectly downregulates the myogenic inhibitory factor, MyoR, through targeted regulation of MyoD, thereby promoting the differentiation of myoblasts in C2C12 mouse cell line [18] . Xu et al. demonstrated that miR-378 inhibits the secretion of aromatase during porcine folliculogenesis, thus affecting the reproductive traits of pigs [23] . Adipose tissue is not merely a passive organ of energy storage as it is also an endocrine organ capable of secreting a variety of hormone-like substances [24, 25] . Maintenance of the functions of adipose tissue mainly depends on the differentiation capacity of adipocytes and the degree of adipocyte differentiation in the organism [1] . It has been reported that miR-378 exerts a certain regulatory effect on the differentiation of 3T3-L1 cell line [15] . Jin et al. analyzed the correlation among 89 miRNAs and six different traits of cattle [26] . Among all the miRNAs examined, miR-378 exhibited the most significant correlation with the backfat thickness in cattle.
In the present study, we successfully isolated and cultured primary bovine preadipocytes and analyzed the expression pattern of miR-378 in the differentiation process of bovine preadipocytes. The results showed that the miR-378 expression levels gradually increased during the differentiation process and that the expression of miR-378 was significantly elevated at the late stage of differentiation. Therefore, we speculated that miR-378 exerted a certain regulatory effect on the differentiation of bovine preadipocytes.
To investigate whether miR-378 plays a role in bovine preadipocyte differentiation, we overexpressed miR-378 in bovine preadipocytes and then induced preadipocyte differentiation. After induction of differentiation, the volume of lipid droplets was increased in mature adipocytes overexpressing miR-378. In addition, the triglyceride contents were elevated, and the mRNA expression levels of the adipocyte differentiation marker genes, PPARγ and SREBP, were significantly increased. In contrast, the Pref-1 mRNA expression level was markedly reduced in mature adipocytes overexpressing miR-378. Studies have shown that as early markers of adipocyte differentiation, PPARγ and SREBP can be detected in preadipocytes. After induction of differentiation, the expression of PPARγ and SREBP increases rapidly and reaches the maximum level in mature adipocytes [4] . In contrast, the expression of the negative regulator, Pref-1, decreases in the process of adipocyte differentiation [5] . Our data indicated that overexpression of miR-378 promoted the differentiation of bovine preadipocytes.
MiRNAs silence gene expression post-transcriptionally through regulating the transcription or translation of target gene mRNAs, thus exerting their biological functions [7] . To analyze the regulatory mechanism of miR-378, we predicted and validated the target genes of miR-378 with bioinformatics and luciferase reporter assays. Our data suggested that E2F2 and RANBP10 are two target genes of miR-378. Overexpression of miR-378 in bovine preadipocytes failed to induce significant changes in the endogenous mRNA expression levels of E2F2 and RANBP10. However, the protein expression levels of E2F2 and RANBP10 were inhibited. These results suggested that miR-378 regulates E2F2 and RANBP10 via inhibiting the translation of E2F2 and RANBP10 mRNAs. E2F2 is a member of the E2F family of transcription factors, and the regulation of E2F transcription factors is rather complex. E2F1-3 are involved in the retinoblastoma protein (Rb)/E2F pathway and exert an regulatory effect on G1-S cell cycle progression [27, 28] . E2F2 binds to Rb and the E2F2/Rb complex inhibits cell cycle progression. In addition, miR-24 can target E2F2 to inhibit cell proliferation [29] . Studies have shown that RANBP10 plays regulatory roles in spindle assembly [30] , cell cycle regulation [31] , tumor suppression [32] , and the reproductive system [32, 33] . Since Regulates the Differentiation of Bovine Preadipocytes Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry miR-378 targets both E2F2 and RANBP10, two of the important transcription factors closely associated with cell growth, it is reasonable to hypothesize that E2F2 and RANBP10 might involve in the effects of miR-378 on the bovine preadipocyte differentiation. In summary, we found that miR-378 promoted the differentiation of bovine preadipocytes. E2F2 and RANBP10 were the two target genes of miR-378, and might involve in the effects of miR-378 on the bovine preadipocyte differentiation. The results of the present study provided a basis for further investigation of miRNA-mediated physiological regulation of adipose tissue in bovine.
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